Abstract. The 3-D structure of the solar wind is strongly dependent upon the Sun's activity cycle. At low solar activity a bimodal structure is dominant, with a fast and uniform flow at the high latitudes, and slow and variable flows at low latitudes. Around solar maximum, in sharp contrast, variable flows are observed at all latitudes. This last kind of pattern, however, is a relatively short-lived feature, and quite soon after solar maximum the polar wind tends to regain its role. The plasma parameter distributions for these newborn polar flows appear very similar to those typically observed in polar wind at low solar activity. The point addressed here is about polar wind fluctuations. As is well known, the lowsolar-activity polar wind is characterized by a strong flow of Alfvénic fluctuations. Does this hold for the new polar flows too? An answer to this question is given here through a comparative statistical analysis on parameters such as total energy, cross helicity, and residual energy, that are of general use to describe the Alfvénic character of fluctuations. Our results indicate that the main features of the Alfvénic fluctuations observed in low-solar-activity polar wind have been quickly recovered in the new polar flows developed shortly after solar maximum.
Introduction
The 3-D structure of the solar wind dramatically changes during the Sun's activity cycle. This feature, first seen in wind speed values estimated from interplanetary scintillation observations (e.g. Rickett and Coles, 1983) , has been unambiguously confirmed by in-situ measurements of Ulysses, the first spacecraft able to perform an almost complete latitudinal scan (about ±80 • ) of the heliosphere. From the beginning Correspondence to: B. Bavassano (bavassano@ifsi.rm.cnr.it) of its journey away from the ecliptic plane in February 1992, through a Jupiter gravity assist, Ulysses has performed observations for more than an entire solar activity cycle, with two full out-of-ecliptic orbits completed in mid-2004 . From this huge data set it comes out very clearly that at low solar activity the solar wind has quite a simple bimodal structure, with a fast, tenuous, and uniform flow filling large angular sectors at high heliographic latitudes (the so-called polar wind) and slower, more variable, and highly structured flows at low latitudes (e.g. McComas et al., 1998 McComas et al., , 2000 . Around solar maximum, in sharp contrast, variable flows are observed at all latitudes and the wind structure appears to be a complicated mixture of flows coming from a variety of sources (McComas et al., 2002 (McComas et al., , 2003 . However, this kind of wind pattern persists for a relatively short fraction of the high-solar-activity phase. For the remainder of the cycle a bimodal structure is the dominant feature of the 3-D solar wind.
All this is well illustrated by Figs. 1 and 2, referring to the first and the second out-of-ecliptic orbit of Ulysses, respectively. The latitudinal variation of the wind velocity is displayed in the top polar graphs, with time running anticlockwise from the left arrow. Note that the angular resolution is variable, with a maximum at the aphelion (left) and a minimum at the perihelion (right), due to changes in the Ulysses angular velocity along the orbit. A bimodal structure is clearly apparent in Fig. 1 , where data from day 48 (1992) , just after the Jupiter flyby, to day 346 (1997) are plotted. As shown by the sunspot number vs. time curve in the bottom panel, this interval, highlighted as a thick segment, covers the entire descending phase of a cycle (cycle 22) and the beginning of the next one. Conversely, a bimodal structure is not seen in Fig. 2 (top panel), covering days from 347 (1997) to 51 (2004) . This interval includes (see thick segment in the bottom panel) the rising phase of cycle 23, its maximum, and the beginning of its descending phase. A first striking feature of Fig. 2 is the absence of persistent fast wind during the Southern Hemisphere crossing, occurring when the solar cycle attains its highest levels. A second remarkable point is that at the next polar crossing in the Northern Hemisphere, less than one year later but after the solar magnetic field reversal (Jones et al., 2003) , the situation has greatly changed, with an extended high-latitude sector of wind with speed well above 600 km/s. McComas et al. (2002) have shown that these post-maximum fast flows are virtually indistinguishable (in terms of statistical distributions of plasma parameters as velocity, density, temperature, and alpha-particle abundance) from the polar flows observed by Ulysses during its first orbit. In other words, at the time of the second orbit northern crossing, the polar wind rebuilding is already well under way. This reflects the restructuring of the solar magnetic field after its reversal phase, with a regrowing of the northern polar coronal hole (e.g. Miralles et al., 2001) .
As is well known, an outstanding feature of the low-solaractivity polar wind is that of a strong and ubiquitous flow of Alfvénic fluctuations, largely dominant with respect to all other kinds of perturbation (see, e.g. Goldstein et al., 1995; Horbury et al., 1995; Smith et al., 1995) . The point that we will address here is: Does this hold for the new aftermaximum polar flows too? In other words, does the Alfvénic regime quickly recover its features, as is seen to occur for plasma conditions? The aim of the present investigation is to answer to this question.
It is worth recalling that Alfvénic fluctuations in solar wind are usually a mixture of two different populations, characterized by an opposite direction of propagation in the wind plasma frame of reference. The first population, dominant in the great majority of cases, is made up of fluctuations propagating, in the wind frame, away from Sun (outward population), while the second population is made up of fluctuations propagating, in the wind frame, towards the Sun (inward population). Obviously, outside the Alfvénic critical point (where the solar wind becomes super-Alfvénic), both kinds of fluctuation are convected outwards, as seen from the Sun. The major source for outward fluctuations seen in the interplanetary space is the Sun, with smaller contributions from interplanetary sources. Conversely, interplanetary inward fluctuations can only come from sources in regions outside the Alfvénic critical point (in fact, inside this point inward waves fall back to the Sun). As is well known (e.g. Dobrowolny et al., 1980) , the presence of the two kinds of waves is a condition that leads to the development of nonlinear interactions.
Though Ulysses observations have offered a new perspective to solar wind studies, many fundamental advances in understanding the behaviour of Alfvénic fluctuations date back from the seventies and eighties, with spacecraft measurements confined within a small latitudinal belt around the solar equator. This was made possible by the fact that near-equator fast streams, coming from equatorward extensions of polar coronal holes (or small low-latitude holes), are rich in Alfvénic fluctuations. For an exhaustive review on the results in the near-equator wind, reference can be made to Tu and Marsch (1995) . Discussions of the Ulysses observations in polar wind, with comparisons to low-latitude results, can be found in Goldstein et al. (1995) , Horbury and Tsurutani (2001) , and Bavassano et al. (2004) .
Data and method of analysis
The data used in the present study are those of the solar wind plasma and magnetic field experiments aboard the Ulysses spacecraft (principal investigators D. J. McComas and A. Balogh, respectively), as made available by the World Data Center A for Rockets and Satellites (NASA Goddard Space Flight Center). The plasma data are the fluid velocity vector (averaged over proton and alpha-particle populations), the proton number density, the alpha-particle number density, and the proton temperature. The time resolution of plasma measurements is either 4 or 8 min, depending on the spacecraft mode of operation. The magnetic data are 1-minute averages of higher resolution measurements.
The computational scheme of our analysis is quite simple. For each plasma velocity vector V we first compute the corresponding magnetic field vector B by averaging over 4 (or 8) min, then derive the Elsässer's variables, defined as (Elsässer, 1950) 
where ρ is the mass density. A discussion on the use of Elsässer variables in studies on solar wind fluctuations may be found in the review of Tu and Marsch (1995) . These variables are ideally suited to separately identify Alfvénic fluctuations propagating in opposite directions. When studying Alfvénic fluctuations in solar wind, it is useful to know that Z + fluctuations always correspond to outward modes and Z − fluctuations to inward modes, regardless of the background magnetic field direction. This request is fulfilled if Eq. (1) is used for a background field with a sunward component along the local spiral direction, while for the opposite magnetic polarity the equation
is taken. In the following we will apply this dual definition. Obviously, in the case of folded (or S-shaped) field configurations, erroneous outward/inward classifications are obtained. This, however, occurs for quite a small number of cases (see Balogh et al., 1999) . Once the time series of the Elsässer variables Z + and Z − are obtained, their total variances, e + and e − , as given by the trace of their variance matrix, are computed. The values of e + and e − give a measure of the energy per unit mass associated with Z + and Z − fluctuations in a given frequency band, determined by the data sampling time (see above) and by the averaging time used to evaluate variances. Results discussed here refer to hourly variances. This choice is based on the well-established result (e.g. see Tu and Marsch, 1995) that fluctuations on an hourly scale fall in the core of the inertial (f −5/3 ) Alfvénic regime (see Goldstein et al., 1995, and Horbury et al., 1995) . Shorter intervals would have too small a number of data points, while longer intervals would include contributions from low frequencies outside the inertial regime. In addition to e + and e − , two other quantities will be used to describe Alfvénic fluctuations, namely the normalized cross-helicity, σ C , and the normalized residual energy, σ R (for a discussion on these quantities, see Goldstein, 1982, and Roberts et al., 1987a) . They are defined as σ C =(e + −e − )/(e + +e − ) and σ R =(e V −e B )/(e V +e B ), with e V and e B the energies (per unit mass) of V and B/ √ 4πρ fluctuations, respectively, as given by their total variances (at hourly scale in the present case). Both parameters may only vary between −1 and +1. The cross-helicity σ C gives a measure of the energy balance between the two components (outward and inward) of the Alfvénic fluctuations. The value of σ C is 1 (−1) when only the outward (inward) component is present. Absolute values of σ C below 1 correspond to a mixture of the two components and/or to the presence of nonAlfvénic variations in the solar wind parameters. The residual energy σ R gives the balance between kinetic and magnetic energy (with the magnetic field scaled to Alfvén units through the factor 1/ √ 4πρ). The absence of magnetic (kinetic) fluctuations corresponds to σ R equal to +1 (−1), while equipartition gives σ R =0. It should finally be recalled that σ C and σ R have to fulfill the constraint σ C 2 +σ R 2 ≤1 (provided that σ R =±1, see Bavassano et al., 1998) .
The investigated intervals and their Alfvénic content
Our analysis is based on a comparison between fluctuations in post-maximum polar wind and in low-activity polar wind from the point of view of their Alfvénic character. An inspection of the post-maximum flows observed by Ulysses in the Northern Hemisphere during its second orbit (Fig. 2) has allowed one to identify at the highest latitudes an interval of three solar rotations (as seen by Ulysses) in which polar wind conditions appear to be well established. We have decided to Table 1 ).
study the Alfvénic content of this interval and to compare it to that found for analogous (in terms of latitude and duration) intervals in low-activity polar wind. The selected intervals are listed in Table 1 , identified by a two-letter label (the first letter gives the solar activity level, L=low and H=high, the second letter is for the hemisphere, N=north and S=south). Intervals labeled LS and LN refer to the first Ulysses orbit, with LS for the southern polar crossing in 1994 and LN for the northern one in 1995, both at low solar activity. They have already been the object of past studies on Alfvénic fluctuations (e.g. see Goldstein et al., 1995; Smith et al. 1995; and Bavassano et al., 2000a, b) . The third interval, labeled HN, is for the 2001 northern crossing at high solar activity. These intervals are highlighted as thick angular sectors and dashed bands in Fig. 1 (LS and LN, around the South and North pole, respectively) and Fig. 2 (HN, around the North pole).
Hourly averages of the solar wind plasma (protons plus alpha particles) velocity, the proton number density, the proton temperature, and the magnetic field magnitude for the investigated intervals are shown in Figs. 3, 4, and 5 (between red lines). The 1994 and 1995 intervals correspond to very stable and almost identical wind conditions. The situation is not exactly the same for the newborn polar wind of the 2001 interval. Here, even though a fast wind appears well established Table 1 ).
(see McComas et al., 2002) , flow conditions are not as steady as for the 1994 and 1995 intervals, and several velocity gradients are observed. Though weak in comparison to those seen in low-latitude wind, these gradients represent non negligible perturbations of the polar flow, with the development of compression/rarefaction regions. However, it clearly appears from Fig. 5 that the 2001 sample has extended periods during which the wind is relatively steady (see blue lines). As discussed above, our analysis is based on the computation of hourly values of e + , e − , σ C , and σ R . In addition to this, to evaluate the level of variations of compressive type, hourly standard deviations of the magnetic field magnitude (s B ) and the proton density (s N ), normalized to B and N hourly values, have been computed. Time plots of this set of parameters for the investigated intervals in 1994 The data shown in Figs. 6 and 7 are from the data set used by Bavassano et al. (2000a, b) . As already well discussed (see also Goldstein et al., 1995) , these low-solaractivity polar samples are characterized by an Alfvénic flow dominated by the outward fluctuations component, as easily seen from the displacement of σ C towards high positive values. Moreover, as is typical for observations outside ∼1 AU (e.g. see Goldstein, 1982, and Roberts et al., 1987a) , an imbalance of σ R towards negative values (i.e. larger amplitudes of magnetic field fluctuations with respect Roberts et al., 1987b Roberts et al., , 1992 . Velocity gradient effects are certainly present in the Fig. 8 data, with a decrease of σ C and an increase of σ R , s B , and s N . However, if we focus on the intervals between blue lines, where (see above) the irregularities in the wind velocity are of lesser relevance, appreciable differences with respect to low-activity results (Figs. 6 and 7) do not come out. Thus, the Alfvénic character appears to have been quickly recovered in the postmaximum polar wind. 
≤1
, the σ C -σ R pairs fall inside a circle of radius 1, drawn in red in the four panels (the small blue areas outside the circle are the effect of interpolations in constructing the coloured surface graphs). It is worth recalling (Bavassano et al., 1998) that the correlation coefficient between V and B/ √ 4πρ fluctuations is closer to 1 (in absolute value) the closer to the unit circle the corresponding σ C -σ R pair falls.
A great similarity exists between the four distributions of Fig. 9 . In all cases a prominent peak emerges at σ C ∼0.8 and σ R ∼−0.5, in the proximity of the unit circle (i.e. for highly correlated velocity and magnetic fluctuations). It is accompanied by a tail extending towards σ C ∼0 and σ R ∼−1, with a weak secondary peak at the end. The main peak is easily interpreted in terms of wind regions dominated by Z + fluctuations. Not surprisingly, for the 2001 * subset this feature emerges in a cleaner way than for the whole 2001 sample. The secondary peak corresponds to cases for which magnetic fluctuations exist nearly in the absence of velocity fluctuations. Similar cases were observed in the inner heliosphere by Tu and Marsch (1991) , who interpreted them as a special type of convected magnetic structures. Thus, histograms of Fig. 9 indicate that the polar wind fluctuations essentially are a mixture of Alfvénic fluctuations and convected structures of magnetic type (see also Bavassano et al., 1998) . This is a support to models (e.g. Tu and Marsch, 1993) based on a superposition of such two components.
The frequency distributions shown in Fig. 10 indicate that also for the Z + and Z − fluctuation energies essentially the same pattern is observed in the different samples. The great majority of points falls within a narrow band close to the e + =10e − line (white solid line). The e + -e − pairs of this band represent the Alfvénic population typically found in the polar wind, with a largely dominant contribution from outgoing fluctuations, and correspond to the main peak at σ C ∼0.8 seen in Fig. 9 (σ C is 0.82 for e + /e − =10). The remaining points mostly fall in the region between the band and the e + =e − line (white dashed line). As is obvious, the e + ∼e − cases of Fig. 10 correspond to the σ C ∼0 cases of Fig. 9 . It is worth mentioning that the e + values in the main band tend to be higher for the 1995 interval. This could be an effect of the lower level of variability that characterizes the wind seen by Ulysses during the northern polar pass in 1995, as compared to other polar wind phases (e.g. see Bavassano et al., 2005) . 
Summary and conclusion
The dependence of the 3-D structure of the solar wind on the Sun's activity cycle, first seen in wind speed values estimated from interplanetary scintillation, has been unambiguously confirmed by in-situ measurements of Ulysses, the first spacecraft able to perform an almost complete latitudinal scan of the heliosphere. At low solar activity a bimodal structure is dominant, with a fast and uniform flow at high latitudes, and slow and variable flows at low latitudes. Around solar maximum, in sharp contrast, variable flows are observed at all latitudes. This last kind of pattern, however, has a relatively short life. In fact, quite soon after solar maximum the fast high-latitude wind is seen to regain its role, though solar activity remains high (see Fig. 2 ). From statistical distributions of the Ulysses measurements McComas et al. (2002) have concluded that the 2001 newborn polar flows exhibit plasma features (as velocity, density, temperature, and alpha-particle abundance) virtually indistinguishable from those typical of the low-solar-activity polar wind. However, when time profiles of wind velocity, density, temperature, and magnetic field are examined for the intervals investigated here (see Figs with clear evidence of compression and rarefaction effects. The point addressed in the present paper is about a relevant feature of the low-activity polar wind, namely the ubiquitous presence of a strong flow of Alfvénic fluctuations. Does this remain valid for the post-maximum polar wind too?
In order to obtain an answer to this question we have determined for the post-maximum polar flow seen in 2001 the values of the parameters that are generally used to characterize fluctuations of Alfvénic type (namely Z + and Z − fluctuation energies, normalized cross-helicity, and normalized residual energy) and have compared them with those obtained for low-activity polar wind intervals in 1994 and 1995 (already investigated by Bavassano et al., 2000a, b) . From this comparison (e.g. see Figs. 9 and 10) it clearly appears that significant differences between the examined samples for the values of e + , e − , σ C , and σ R do not come out. Thus, though the plasma flow for the post-maximum polar interval is not as steady as for those at low solar activity, the Alfvénic character of the fluctuations clearly appears to be essentially the same.
In conclusion, the main features of the flow of Alfvénic fluctuations typical of the low-activity polar wind are fully recovered in the newborn polar streams seen shortly after the solar maximum. 
